Environmental changes related to agricultural practices and activities can impact malaria transmission. In the objective to evaluate this impact on the human-vector contact, the level of human exposure to Anopheles vector bites was assess by an immuno-epidemiological indicator based on the assessment of the human IgG antibody response to the Anopheles gambiae gSG6-P1 salivary peptide, previously validated as a pertinent biomarker. Two cross-sectional surveys were carried out in the dry and rainy season in three villages with intensive agricultural plantations (N'Zikro with rubber cultivation, Ehania-V5 and Ehania-V1 with palm oil exploitation) and in a control village without plantations (Ayébo). Overall, 775 blood samples were collected in filter papers from children aged 1 to 14 years-old for immunological analysis by ELISA. The IgG levels to the gSG6-P1 salivary peptide significantly differed between studied villages both in the dry and the rainy seasons (P b 0.0001) and were higher in agricultural villages compared to the control area. In particular, the level of specific IgG in Ehania-V5, located in the heart of palm oil plantations, was higher compared to other agricultural villages. Interestingly, the level of specific IgG levels classically increased between the dry and the rainy season in the control village (P b 0.0001) whereas it remained high in the dry season as observed in the rainy season in agricultural villages. The present study indicated that rubber and oil palm plantations could maintain a high level of human exposure to Anopheles bites during both the dry and rainy seasons. These agricultural activities could therefore represent a permanent factor of malaria transmission risk.
Background
Malaria remains the most widespread and dangerous infection in terms of burden in the world and especially in Africa. Malaria was responsible for 500,000 deaths and 214 million clinical cases in 2016; children under 5 years of age and pregnant women being the most vulnerable population (WHO, 2017 ). Anopheles gambiae s.l is the primary malaria vector in Africa which transmits Plasmodium falciparum, the most Plasmodium species responsible for malaria morbidity/mortality (Houngbedji et al., 2015; Koudou et al., 2005; Nzeyimana et al., 2002) .
In Côte d'Ivoire, malaria is the main cause of consultation in school health centers and represents 43% of the general consultation. The major Anopheles species are An. gambiae s.l, which as the most widespread malaria vector, and An. funestus. The role of An. gambiae s.l, and An. funestus on malaria transmission has been investigated several times in the north , in the center zone (Diakité et al., 2010; Koudou et al., 2007) and in the southern forest zone (Adja et al., 2011) .
Environmental changes related to agricultural practices and activities can impact on malaria transmission by influencing vector species composition, and density that are key factors for enhancing malaria transmission (Afrane et al., 2004; Henry et al., 2003) . In the southeast Côte d'Ivoire, a large expansion of agricultural activities such as oil palm and rubber plantations were developed. Populations move in these areas for multiple reasons: living around, laboring, collecting forest products like palm oil fruits, collection of latex, etc., (Martens and Hall, 2000) . Despite of socio-economic benefits, expansion of agriculture development schemes can aggravate the problem of mosquito-borne diseases by increasing also the number of breeding sites of mosquitoes. It could have therefore a direct influence on malaria transmission . In this context, previous studies have demonstrated that agriculture (oil palm plantation, rubber plantation) can influence the diversity and density of mosquito fauna and by consequence, malaria transmission. For example, a study carried out in rubber cultivated area in Cameroon indicated that environmental modifications due to agro-industrial activities might have influenced vector distribution and the dynamics of malaria transmission (Bigoga et al., 2012) . To improve the evaluation of malaria transmission/exposure according to the World Health Organization (WHO) recommendations, much effort was devoted to develop new indicators and methods at the individual level. Since last decade, several studies showed that the quantification of antibody (Ab) response to vector saliva in human populations could be a pertinent biomarker tool to assess the human exposure level to vector bites and thus to the risk of transmission of vector-borne diseases (Sagna et al., 2017) . Specifically, the gSG6-P1 (An. gambiae Salivary Gland Protein-6 peptide 1) salivary peptide of An. gambiae has been identified as a pertinent candidate to evaluate the exposure of Anopheles bites (Poinsignon et al., 2008) . Indeed, this salivary peptide is specific to Anopheles genus, antigenic, easy to synthesize and highly conserved between Anopheles mosquitoes (Poinsignon et al., 2010) . In addition, human IgG responses to gSG6-P1 peptide was especially relevant as biomarker in a context of low exposure to Anopheles bites, such as urban malaria and dry season (Drame et al., 2012; Poinsignon et al., 2009; Sagna et al., 2013a Sagna et al., , 2013b . Such biomarker could be thus used i) to assess the heterogeneity of exposure level to Anopheles bites and malaria risk (Drame et al., 2012; Ya-Umphan et al., 2017) and ii) to evaluate the effectiveness of vector control strategies (Drame et al., 2010a (Drame et al., , 2010b (Drame et al., , 2013 . For this reason, the study of Anopheles-human immunological relationships can be another approach for monitoring the real human-Anopheles bite contact and consequently identify individual at risk of malaria transmission.
The present study was conducted in four rural villages in Aboisso region, Southeastern Côte d'Ivoire. The aim was to evaluate the level of human exposure to Anopheles bites, and by consequence the risk of malaria transmission, and its evolution between the dry and rainy seasons. To evaluate Anopheles exposure in studied child population, the specific human IgG response to the Anopheles gSG6-P1 salivary peptide was used as an immuno-epidemiological biomarker tool.
Methods

Study site and population
The study was conducted in four villages of the Aboisso health district (05°28′ north latitude and 03°12′ west longitude) in the Southeast of Côte d'Ivoire ( Fig. 1) in December 2013 during the dry season and in July 2014 during the rainy season. The climate is punctuated by two major seasons: the long rainy season from April to July, with the peak of rainfalls in June, while the long dry season extends from October to March. The annual rainfall average is 1848 mm with an annual temperature average of 27°C. These villages are mostly inhabited by indigenous Agni cohabiting with non-native Dioula, Ghanaian, Burkinabe, Nigerien and Nigerian families. In this area, economic activities are dominated by food crops and large agricultural establishments such as cash crops (rubber, oil palm, pineapple). In this area, the previous entomological survey (2012−2013) indicated that An. gambiae s.l was the only Anopheles species and by the consequences the only species of malaria vector (personal communication).
Four villages were selected on the basis on agriculture practices:
(i) Ehania-V1 is far from 140 km to Abidjan (Geographical coordinates: longitude: 5°14′ N, latitude: 2°46′ W), and 60 km to Ghana (Fig. 1) . It is surrounded by the largest industrial oil palm plantation (30,000 ha) belonging to the PALMCI company which yield constitutes 32% of the annual oil palm yield of the country. The company plays a role of guidance and supervision of 8097 out-growers. The presence of primary rainforest which provides strong vegetation can be mentioned.
(ii) Ehania-V5 (5°13′60″ N; 2°46′0″ W) is located in the middle of industrial palm oil plantations (Elaeis guineensis) where some inhabited houses are located within 15 m of oil palm trees. The residencies are mainly composed of traditional house and also few ordinarily modern houses. (iii) N'zikro (7°32′30.0″ N; 5°4′12″ W) is far from 88 km east of Abidjan. It is a large area including traditional rubber (Hevea brasiliensis) fields (200 ha) which are closed to the village in the southeast and north parts. On the south-western area of N'zikro, an industrial palm oil plantation of PALMCI extends to 3.600 ha. Mostly people of this village live within the immediate rubber plantations environment because the last inhabited house was 50 m away from rubber plantation. The residencies are composed of traditional and ordinarily modern houses. (iv) Ayébo (5°26′27″ N; 3°15′52″ W) is located at 106 km from Abidjan and at 18.5 km from N'zikro. This village is considered as control site in our study as no industrial or extensive agricultural activities are practiced in the immediate surrounds. The limited cultivation is yams, coffee and plantain very far from 800 m to the village.
Studied population
Two cross-sectional surveys were conducted in December 2013 (dry season) and in July 2014 (rainy season) in the four villages studied. Overall, 775 children aged from 1 to 14 years living in theses villages during the last two months before each survey were included and distributed as follows: i) 200 children in N'zikro, (99 in dry season and 101 in rainy season); ii) 198 in Ayébo (100 in dry and 98 in rainy season); iii) 198 in Ehania-V1, (100 in dry and 98 in rainy season) and iv) 179 in Ehania-V5 (81 in dry and 98 in rainy season). Children surveyed in the dry season were not the same as those surveyed in the rainy season.
Inclusion criteria were the absence of clinical sign of severe malaria according to WHO definition and of any other disease that can cause an obvious febrile illness. Moreover, standardized questionnaires were individually administrated for assessing epidemiological information such as the use of individual protection against mosquito bites (Insecticide-Treated Nets -ITN -use in particular), the sex and the age. During each visit, a dried blood spot (DBS) was collected from each included individual on Whatman 3MM filter paper for immunological analysis. All filter papers were kept at 4°C before use.
This study followed ethical principles recommended by the Edinburgh revision of the Helsinki Declaration. The Director of Health District of Aboisso administrative Department and authorities of each studied village were informed about objectives, procedures and benefits of the study. Approval, including the use of oral consent, was obtained from the different village authorities and the Departmental Director of Health of Aboisso district before starting data collection. This study was approved by the National Malaria Control Program (NMCP) of Côte d'Ivoire. In addition, the participation of children in the study including blood sample collection was done after the oral informed consent of each parent or guardian of children. Sick children were treated according to the National Policy.
Salivary peptide gSG6-P1
The gSG6-P1 peptide was selected as previously described (Poinsignon et al., 2008) . It was synthesized and purified (N95%) by Genepep SA (Saint-Jean de Védas, France). The peptide was shipped in lyophilized form and then suspended in 0.22 μm ultrafiltered water and frozen at −20°C until use.
Evaluation of anti-human IgG level to gSG6-P1 antigen by ELISA
ELISA (Enzyme-linked immunosorbent assays) were carried out on DBS to measure the IgG Ab level to the gSG6-P1 salivary peptide as previously described (Drame et al., 2010b) .
All ELISA conditions were determined after several preliminary experiments to obtain optimal dilutions of all reagents. Briefly, Maxisorp plates (Nunc, Roskilde, Danemark) were coated with gSG6-P1 (20 μg/ml) in Phosphate Buffered Saline (PBS). Plates were blocked with 300 μl/well of Protein-Free Blocking-Buffer (Pierce, Thermo Scientific, France). After washing (distilled water + Tween 0.1%), each DBS eluate was incubated in duplicate at +4°C overnight at a 1/20 dilution in PBS-Tween 1% + BSA 1% (Sigma-Aldrich). Mouse biotinylated Ab to human IgG (BD Pharmingen, San Diego CA, USA) was incubated at 1/1000 dilution in PBS-Tween 1% + BSA 1% (1 h 30 at 37°C) and peroxidase-conjugated streptavidin (Amersham, les Ulis, France) was then added (1/2000; 1 h at 37°C). Colorimetric development was carried out using ABTS (2.2-azino-bis (3 ethylbenzthiazoline 6-sulfonic acid) diammonium; (Sigma Aldrich), pH = 4, containing 0.003% H 2 O 2 ) and absorbance (OD) was measured at 405 nm. In parallel, each tested sample was assessed in a blank well containing no salivary peptide antigen (ODn) to measure non-specific reactions. A known positive control was included on each ELISA plate to control the plate-to-plate variation as well as reproducibility of the test. Individual results were expressed as the ΔOD value calculated according to the formula: ΔOD = ODx − ODn, where ODx represented the mean of individual OD values in the two wells containing antigen and ODn the OD value in well without antigen.
Statistical analysis
All data were analyzed with GraphPad Prism5 software (San Diego, CA). After ensuring that ΔOD values were not normally distributed, the non-parametric tests were used to compare ΔOD between groups. Mann-Whitney test was used for the comparison of Ab levels between two independent groups and the Kruskal-Wallis test was used for the comparisons between more than two independent groups. The Dunn's posttest was used for multiple paired comparisons between villages. All differences were considered significant at P b 0.05.
Results
IgG levels to gSG6-P1 salivary peptide according to the village in dry and rainy seasons
Specific IgG levels to gSG6-P1 were compared in children between the four villages studied in the dry and rainy seasons (Fig. 2) . The results showed a high heterogeneity of IgG Ab levels within and between villages both in both the dry and rainy seasons. In the dry season (Fig. 2a) , the level of specific IgG response significantly differed between the four villages (P b 0.0001; Kruskal-Wallis test). The statistical analysis reported that the levels of IgG response to gSG6-P1 in children from agricultural villages were significantly higher than those from Ayébo, the "control village" without agricultural practices in its immediate environment (p b 0.0001). The median of specific IgG Ab level in children from Ehania-V5 agricultural village was higher than those from children from others agricultural villages (p b 0.001, Kruskal-Wallis test). No significant difference in specific IgG levels was observed between children from N'zikro and those from Ehania-V1 village (p = 0.123; Mann-Whitney test).
In the rainy season (Fig. 2b) , similar pattern was also observed but in a lesser extent. The median of specific IgG levels in children significantly varied according to villages (p b 0.0001; Kruskal-Wallis test). The comparison of the level of IgG Ab response between the agricultural villages showed that it was significantly higher in Ehania-V5 compared to N'zikro and Ehania-V1 (p b 0.0001; Kruskal-Wallis test). In contrast, the level of IgG response was similar in N'zikro and Ehania-V1 villages (p = 0.9627; Mann-Whitney test). The IgG level in Ayébo was significantly lower than those in Ehania-V5 (p b 0.0001; MannWhitney test), in N'zikro (p = 0.012, Mann-Whitney test) and in Ehania-V1 (p = 0.016: Mann-Whitney test).
IgG levels to gSG6-P1 salivary peptide in age groups according to villages in dry and rainy season
IgG levels to gSG6-P1 salivary peptide were evaluated according to three age groups (1-4; 5-9 and 10-14 years old; Fig. 3 ) in the dry (Fig. 3a) and rainy (Fig. 3b) seasons. The same trend as observed for the whole population studied was observed according to villages in all age groups. First, the specific IgG responses differed significantly between villages in all age groups (p b 0.0001, Kruskal-Wallis test) both in the dry and rainy seasons. Secondly, the multiple pairwise comparisons between villages showed that specific IgG responses were significantly higher in agricultural villages than in Ayébo village in all age groups in the dry and rainy seasons (p b 0.0001, Mann-Whitney test, data not shown). According to age groups, the levels of specific IgG in children of 10-14 years old of Ehania-V5 village were significantly higher than those recorded in 1-4 years and 5-9 both in the dry and rainy season (p b 0.0001).
Effect of seasons on IgG levels to gSG6-P1 salivary peptide
In the objective to highlight the direct influence of seasons (dry versus rainy), combined or not with agricultural activities, the evolution of specific IgG response was separately compared in each village studied (Fig. 4) .
In Ayébo (control village), the results showed significant variations of IgG responses to gSG6-P1 between the seasons. Indeed, specific IgG levels significantly increased in the rainy season compared to the dry season, (p b 0.0001, Mann-Whitney test). In contrast, in agricultural villages (N'zikro, Ehania-V1 and Enania-V5), no significant variation of specific IgG levels was observed between seasons whatever the type of plantations (palm oil, rubber plantation) considered.
Socio-epidemiological factors on IgG levels to gSG6-P1 salivary peptide
The level of IgG to gSG6-P1 peptide was analyzed according to major socio-epidemiological characteristics (age, sex, and ITNs use) which could modulate the level of human exposure to Anopheles bites, both during the dry and rainy seasons (Table 1) .
In the dry season, no significant difference was observed in specific IgG level according to age group in Ayébo, Ehania-V1 and Ehania-V5 (p N 0.05). Only in N'zikro village, the specific IgG levels significantly differed between age groups (p = 0.041). The median of specific IgG levels progressively increased from 0.223 to 0.310 in young to older children, respectively.
Related to gender, the statistical analysis showed no significant difference of specific IgG levels according to all villages in the dry season (p N 0.05). No significant difference was also observed in specific IgG levels according to the ITNs use (YES/NO) in Ayébo, N'zikro and Ehania-V5 (p N 0.05). In Ehania-V1, a significant difference was observed according to ITNs use with lower IgG level for children declaring to use an ITN (p = 0.033).
In the rainy season, significant differences were observed according to age groups in N'zikro, Ehania-V1 and Ehania-V5 villages and specific IgG level increased with age (p b 0.001). No significant difference of specific IgG Ab levels according to gender was observed in all villages in this season (p N 0.05). Only in Ehania-V5 village, the level of specific IgG was significantly lower in ITNs users (p = 0.003) as observed in the dry season.
Furthermore, the impact of the use of ITNs on specific IgG levels was compared between Ayébo (control village) and cumulated agricultural villages (data not shown). Our analyses indicated that specific IgG levels remained significantly higher in agricultural villages compared to control village in the dry season (p b 0.0001) and in the rainy season (p = 0.026) in children who declared to sleep under ITNs. These results suggested no impact of ITNs use on the difference of specific IgG level according to agricultural practices.
Discussion
This study described for the first time the use of Anopheles gSG6-P1 salivary biomarker to evaluate the impact of agricultural practices on the level of human exposure to malaria vector bites by comparing immunological results in agricultural villages and a control village without agricultural activity in its immediate environment. One major advantage of such biomarker is to assess the level of human exposure at individual level compared to classical entomological methods which give indirect information related to the density of mosquito at a geographic level.
The results of the present study showed variations of specific IgG level to gSG6-P1 within and between the different agroecosystems. This suggests that the IgG response to gSG6-P1 salivary peptide could be an adequate indicator to identify the specific populations at higher risk of malaria transmission in the same geographical area. Similar trend was mentioned by Sagna et al. in villages in northern Senegal. These authors observed that IgG levels to gSG6-P1 highly varied according to villages, discriminating the heterogeneity of Anopheles exposure between villages in the same region (Sagna et al., 2013b) .
Children living in agricultural villages significantly developed higher IgG responses to the gSG6-P1 than those from Ayébo, a control village without agricultural plantations in its immediate environment. These results were observed both in the dry and rainy seasons. Some studies have shown that agricultural practices could be associated with a high level of Anopheles bites which impact on malaria transmission (Somboon et al., 1998; Yasuoka and Levins, 2007) . Palm oil and rubber plantations could constitute artificial environments with their own ecosystem, which could favor Anopheles populations and by consequences, malaria transmission (Pluess et al., 2009) .
The high IgG response to gSG6-P1 in Ehania-V5 compared to others agricultural villages suggests that children living in this village were more exposed to Anopheles bites. The immediate environment, characterized by rural area and also by exclusive palm plantation zone (Ehania-V5 is located in the heart of industrial palm oil plantations) could explain this pattern. Besides of this, ripe palm fruits are collected by PALMCI trucks and in most cases it could create deep wheel tracks on the ground. With rainfall, such tracks could probably present potential breeding sites for An. gambiae (Tanga et al., 2011) . Indeed, the Ehania-V5 results, especially in rainy season, indicated substantial variations of anti-gSG6-P1 IgG level between individuals within this village. Even if entomological data were not available in the present study, previous study clearly indicated a positive association between the exposure levels to An. gambiae bites, estimated by classical entomological methods and the specific IgG levels reflecting the real contact between human populations and Anopheles mosquitoes (Drame et al., 2012) . One hypothesis of the high level of human exposition of mosquito bites observed in N'zikro, could involve the presence of many bowls (1.15 l) on each rubber tree. Indeed, bowls are used to collect the latex which coagulates on the bottom. Such bowls retain rainfall and could thus act also as Anopheles breeding sites (Assako-Assako et al., 2005) . Nevertheless, future entomological studies on the potential breeding sites in the trees have to be performed to validate this hypothesis in our studied area.
In the objective to highlight the classical association between human exposure to mosquito bites and the season, the evolution of IgG levels to gSG6-P1 salivary peptide was compared in Ayébo "control village" according to seasons. Specific IgG responses significantly increased in the rainy season compared to the dry season. High temperature during the dry season can reduce the survival of mosquitoes and, in contrast, during the rainy season, the rain classically creates breeding sites on the soil. According to our immunological results, children living in Ayébo were more bitten by of Anopheles vector during the rainy season than the dry season. It was a classical observation because it is well known that Anopheles populations are higher during the rainy season in Côte d'Ivoire context (Dossou-yovo, 2000) . This season-dependent effect was also observed in Northern Senegal where the anti-gSG6-P1 IgG levels were significantly higher in the rainy season than in the dry season (Poinsignon et al., 2010; Sagna et al., 2013b; Drame et al., 2013) . The evolution of specific IgG response was then compared within each agricultural village between the dry and rainy seasons. IgG level responses in agricultural villages remained higher than Ayébo village in both the seasons. Interestingly, in contrast to Ayebo control village, no significant difference in specific IgG response was observed between both the seasons in the agricultural villages. This finding suggested an influence of agricultural activities on the evolution of IgG response to gSG6-P1, biomarker of the real human-Anopheles contact, according to the season. In others terms, agro-ecosystem villages seemed to maintain higher human exposure to vector bites in the dry season, at a similar level that observed in the rainy season in areas without agricultural activities. Children in agro-ecosystem sites could be thus permanently and highly exposed to Anopheles bites both in the dry and rainy seasons. Similar trends were recorded by Afrane et al., in Kumassi Ghana, using entomological methods. The authors found that EIR (entomological inoculation rate) were higher in agricultural areas than in non-agricultural areas, whatever the season (Afrane et al., 2004) . In the same way, another study in Cameroon reported that malaria transmission occurred both in the dry and rainy seasons with the intensities peaking in the dry season, in rubber cultivated area (Bigoga et al., 2012) . In the present study, environmental modifications due to agriculture activities might have influenced the Anopheles vector distribution and the dynamics of malaria transmission in the three agricultural villages. Similar results were also reported by Nzeyimana et al. in extensive cultivation of rice in south-western forest of Côte d'Ivoire (Nzeyimana et al., 2002) and by Mutero et al. in agro-ecosystem of rice in central Kenya (Mutero et al., 2004) which favored high malaria transmission. High human exposure to malaria transmission, whatever the season, can induce a high risk for all residents, especially for travelers and other non-immune workers. The comparison of IgG levels to gSG6-P1 peptide in children only using ITNs between Ayébo and agricultural areas showed that specific IgG responses remained significantly higher in agricultural villages compared to control village. Globally, this observation suggests no impact of ITNs use on the difference of specific IgG level according to agricultural practices. It indicated that ITNs use could not be considered as variation factor to explain agricultural-dependant results of the present study.
Nevertheless, this result could also involve i) the low used of ITNs observed in agricultural areas by children, which do not allow efficient protection against Anopheles bites (Koudou et al., 2010) and/or ii) the changes of Anopheles behavior which could bitten individuals outdoor during day period without ITN coverage (the evening before to go to sleep and early morning), as previously suggested (Moiroux et al., 2014) . In addition, these results suggests that higher exposure to Anopheles bites in agricultural villages, and by consequences higher nighttime nuisance, did not seem to elicit a higher ITNs use by children whatever the season. According to the results of the present study, it could be thus recommended that ITN implementation and use by populations, or other vector control strategies, could be increased or favored in areas with agricultural activities and plantation companies, and this whatever the seasons.
Conclusion
This study showed that agricultural activities, such as rubber and palm cultivations, could maintain a high level of human exposure to Anopheles bites. These agricultural practices could therefore represent a permanent risk of malaria transmission whatever the season. People living in agricultural villages could be at high risk of malaria during the whole year, and combined vector control strategies could be implemented to reduce Anopheles vector densities in these particular cultivated areas.
